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ABSTRACT OF P A P E R 

A description is given of an artificial power-transmission 
line which duplicates, in considerable detail, an actual trans
mission system. Each unit of the artificial line represents 
about ten miles of the actual line. 

Methods are given of calculating the correct distribution of 
inductance between self and mutual, and of calculating the 
correct distribution of capacity between wire and wire, and wire 
and ground. 

It is shown that this artificial system will duplicate very 
closely, even under extreme conditions of short circuits and 
grounds, many of the phenomena occurring on the actual system. 

A description is given of some oscillographic tests, m^ade on 
this line, of the magnitudes and phase relations of current and 
voltage at different points, when the line was subjected to various 
types of short circuits and grounds. 

The data are presented in the form of vector diagrams; one for 
each point of the line where readings were taken. In addition 
to the diagrams, arrow-headed lines are shown at each station. 
These indicate the magnitudes and directions of power flow for 
each phase (as shown b y star-connected wattmeters) and the 
total power flow. 

It is "shown that the total power flow is not always toward the 
short circuit (or ground). Hence, two-wattmeter principle 
relays will not always indicate toward the short circuit (or 
ground) and may sometimes operate the wrong switch. 

With a three-phase short circuit the direction of power flow 
for each phase, and consequently the direction of total power 
flow, is always toward the short circuit. 

With a two-wire short circuit, if the phase rotation is A — B — 
C, and t'he short circuit is be tween wires B and C the power flow 
indication of the B phase wattmeter is, at all stations, toward 
the short circuit. The wattmeters for the other phases may indi
cate away from the short circuit. 

A ground on a single wire does not appreciably alter the 
power flow indication of any of the wattmeters, if the neutral is 
ungrounded. 

If the neutral is grounded, the power flow indication for the 
grounded phase is toward the ground at all points. 

If two wires are grounded at the same time, with the neutral 
grounded, the power flow indications are practically the same as 
for the two-wire short circuit. 

INTRODUCTION 

There are three ways in which an experimental study of prob
lems connected with power transmission systems may be made : 

N O T E : Written discussion of this paper is invited. 
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714 GRAY: ARTIFICIAL TRANSMISSION LINE 

first, by using the actual system; second, using an experimental 
line; and third, using an artificial line. By an "experimental 
line" is meant a short length of line of the same type of con
struction as the actual system. By an "artificial line" is meant 
one in which the constants of the actual system are obtained by 
means of inductances, resistances and condensers, usually lumped 
at frequent intervals. 

The actual system would appear at first glance, to be the best 
place to conduct experiments, but it has certain disadvantages. 
In most cases it must be out of commercial service while the 
tests are being conducted; it is almost impossible to make simul
taneous observations at different parts of the system: in case 
anything goes wrong there is a chance that expensive apparatus 
may be damaged; and lastly, there is always the possibility that 
a switch which is supposed to be closed may be open, and vice 
versa. 

An experimental line is useful for studying the behavior of 
insulators, corona losses and similar problems, but is of no value 
for studying surges, voltage drop, or any problem which requires 
a long line. 

The artificial line, however, has none of these drawbacks, and 
for most purposes seems to be the best of the three. Its greatest 
disadvantage is that, in order not to expend any great amount 
of power in the line, the voltage must be kept low. This elimi
nates the studying of such problems as corona losses, disturbances 
resulting from arc characteristics, etc. The following tables 
show the relations existing between the different quantities when 
a 40 kilo volt system is represented by an artificial system oper
ating at 1000 volts: 

Because of their many advantages, several artificial systems 
have been constructed during the last few years. Most of them, 
however, have been built by engineering schools which, naturally, 
have not been interested in duplicating any particular system. 
Each artificial line, therefore, has been uniform throughout its 
entire length and has been built to represent a single line (or 
two parallel lines) of some standard type of construction. 

The line described here is of a different character, and is, it 
is believed, the only artificial system which duplicates the whole, 
or the greater part of, an actual system. The line was built 

Actua l . . 
Artificial 

Kilovolts 
40 

1 

Amperes 
100 

2 .5 

Kilowatts 
20,000 

12.5 
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about six years ago by the Telluride Power Company (now a 
part of the Utah Power & Light Co.) ; a hydroelectric concern 
which operated, at that time (besides other divisions), about 500 
miles of 44-kv. transmission line in northern Utah. This whole 

Utah division, with the exception of one unimportant loop, was 
duplicated in the artificial system. 

The artificial line was originally planned' in 1908 by Mr. 
Edward Bennett (now Professor of Electrical Engineering in the 
University of Wisconsin). His original plans and computations 
were used later by Mr. L. N. Crichton and the author, who took 

F I G . 1 
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up the work and completed the line during 1911, after making 
quite extensive additions to the plans. 

The line was built mainly with the idea of using it to study the 
operation of some sectionalizing relays which were being develop
ed by the company. These tests, however, are the subject of 
another paper being prepared by Mr. Crichton, and hence will 

TYPE M 
NORMAL SPAN 900 

F I G . 2 — T Y P E S OF 40 ,000-VOLT L I N E C O N S T R U C T I O N — T H E TELLURIDE 

P O W E R COMPANY 

not be treated here. Only the details of the line and some tests 
in which the relays were not used will be discussed. 

The general layout of the Utah division of the Telluride Power 
Company in 1911 is shown by Fig. 1. The total generating 
capacity was a little under 24,000 kw., most of which wras at 
the two ends of the system (11,000 kw. at Grace and 7,200 kw. 
at Olmsted). The load averaged about 14,000 kw. The total 
length of the lines was a little over 500 miles, covering about 340 
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miles of right of way. About 410 of the 500 miles were repre
sented in the artificial system. 

In Fig. 1 the duplicated part of the system is shown in full 
lines and the balance in dotted lines. The duplicated part, as 
will be seen, consisted of the Grace and Olmsted power stations, 
the parallel trunks from Grace to Olmsted through Salt Lake 
City (about 160 miles), the loop from Jordan Narrows through 
Bingham and Garfield to Salt Lake City (double except between 
Bingham and Garfield), the substations at Bingham and Gar
field and the connection with the Utah Light & Railway Company 
at Salt Lake City. The lengths of the lines, the size and spacing 
of conductors, and other such data are given in Table I. Fig. 
2 shows the different types of line construction. 

D E S I G N A N D C O N S T R U C T I O N 

TRANSMISSION LINE 

The features of the transmission line which must be dupli
cated or approximated are: 

Distributed inductance and capacity. 
Leakage currents. 
Electromagnetic coupling of phases. 
Electrostatic coupling of phases. 
Resistance of line conductors. 
Distributed Inductance and Capacity. The most feasible way 

in which the large inductance and capacity of the transmission 
line may be obtained within the limits of an ordinary room is by 
the use of coils of wire and plate condensers. This, of course, 
does not result in distributed constants, but it has been shown 
that, for the frequencies used for the transmission of power and 
for the harmonics ordinarily encountered with those frequencies, 
an artificial line constructed with the capacities lumped at fre
quent intervals represents, to a very close degree of approxima
tion, the actual line. 

For example, if the spacing is such that there are ten conden
sers per wave length, most of the phenomena will be duplicated 
within 1 per cent. Since the ordinary 60-cycle power-trans
mission line has a wave length of about 3000 miles miles, a spac
ing of 300 miles is allowable. Even for the ninth harmonic the 
spacing may be as great as 33 miles without serious error., As 
this artificial line was composed of units, each representing only 
about ten miles of transmission line, errors due to lumping may 
be considered negligible. 
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Each unit consisted of three air-core inductance coils, electro-
magnetieally interlinked, to represent inductive effects, with 
condensers connected between the coils, and also between each 
coil and ground, to represent capacity effects. In addition, 
resistance wire was used in series with each coil to represent the 
line resistance. 

Leakage Currents. The resistance between each line wire and 
ground on the actual system was found to be of the order of 300 
megohms per mile under average conditions. On a 40-kv. 
system, 500 miles long, having a peak load of 14,000 kw. and cur
rent per wire of 250 amperes, this means a total leakage current 
of only 0.038 amperes per wire, and a total watt expenditure of 
only about three kilowatts. These are negligible quantities and 
no attempt was made to approximate them on the artificial 
system. The resistance of the condensers from line to ground 
was about 300 megohms per ten-mile unit, or 3000 megohms 
per mile, when cold. 

Electromagnetic Coupling of Phases.' When the three con
ductors of a three-phase line are arranged at the vertices of an 
equilateral triangle, and the currents in the three phases are 
balanced, the sum of the currents in any two wires is equal to 
the current in the third wire, and flows in the opposite direction. 
Therefore, the only magnetic flux which is effective in producing 
the inductance of any wire is the flux due to the current in that 
wire and which lies between it and the other two wires. This 
flux, in absolute units, is 

2 / / ( l o g . £ - j ) (1) 

in which / = length of wire in centimeters. 
d = distance between conductors. 
r = radius of conductor. 
/ = current in absolute units. 

The usual practise in line calculations is to consider this 
magnetic flux as causing the self inductance of the wire, thus 
eliminating the mutual inductance between wires or phases, 
from the calculations; in which case the self-inductance of each 
wire, to neutral, is 

L = 2 / f ( log e f - - 1 ) (2) 
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If the system were always balanced, it would be satisfactory 
to represent the three line wires in the artificial system by 
three separate coils, each having a self-inductance as determined 
above and arranged so as to have no mutual effects upon each 
other. It is evident, however, that such an artificial line would 
fail to represent unbalanced conditions. For instance, if the 
artificial system were operated with grounded neutrals and a heavy 
short circuit should occur between one wire and neutral, it would 
have no effect upon the voltage between the other wires and 
neutral; whereas, owing to the mutual inductance between con
ductors on the actual system, this voltage should be affected. 

It seemed advisable, therefore, to use coils having the correct 
inductance to represent the self-inductance of the wires, and to 
arrange these coils so that the correct mutual effects would be 
obtained between them. This necessitated the determination of 
the actual distribution of self and mutual inductance, 

A method of doing this, which seemed at first to have some 
merit, was to use the formula* for the self-inductance of a single 
straight conductor. This formula is 

L s = 2 / ( l o g . ^ - f - ) (3) 

The corresponding formula for mutual inductance is 

LM = 2l(\oge^~ l ) ' (4) 

where /, d and r have the same significance as in formula (1). 
However, in the derivation of formula (4) all of the flux, due to 
wire 1, between d and infinity, is considered to be effective in 
producing the mutual inductance; while, in the actual system, 
in a case like the one cited above (with the grounded wire) 
only the flux between d and the path of the current in the ground 
would be effective. Another objection to this method was that 
a large amount of copper would be required to produce the large 
self-inductance. As mutual inductive effects were to play, at 
most, only a small part in the operation of the line, it did not seem 
wise to go to this extra expenditure for copper. 

Hence it was decided to approximate, as closely as possible, the 
*See Bulletin of the Bureau of Standards, Vol . IV, page 301. "The 

Self and Mutual Inductances of Linear Conductors ," b y E, B, Rosa. 
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distance from the wire to the path of the return current in the 
ground. The accurate calculation of this distance was an almost 
impossible problem because of the unknown and variable re
sistances of the different layers of soil. Fifty feet was finally 
selected as this distance, and all of the calculations of self-
inductance and mutual inductance were made on the assump
tion that the three wires had a common return, located fifty feet 
from the conductors. 

The self-inductance of each wire was then found from the 
formula 

0 7 / 1 5 0 X 1 2 , 1 \ 

and the mutual inductance from: 

7 0 , L 50 X 12\ 
L M = 2 / (log, ^ ) 

The values given by these three methods for ten mile sections 
(the average length of the sections used) of No. 2 solid copper, 
spaced nine feet on a side, are given in the following table. 

Inductance of 10 miles. 
( I O " 2 henrys) 

Neglecting mutual inductance. 
Return at infinite distance. . . . 
Return 50 feet from wires 

Ls I'M - In 
2 .25 0 .00 2 .25 
4 .95 2 .70 2 .25 
2 .80 0 .55 2 .25 

The resulting inductance for balanced conditions is seen to be 
the same, regardless of the method used, but the other values 
vary widely in the different methods. The first and second 
methods may be considered as setting lower and upper limits, 
respectively, for the self and mutual inductances. The true 
values lie somewhere between and probably not very far from 
those given by the third method. 

Reducing these formulas (assuming the return 50 feet away) 
to practical units, we obtain, (for the inductance of each wire 
to neutral) 

L s = 0.322 X 10-^2.303 log™ 5 ° * 1 2 + j j henrys per mile, 

and 
50 X 12 

Lu = 0.742 X 10~3 log™ ^ henrys per mile. 

L s 
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From these formulas the self and mutual inductances were 
calculated for each different type of construction. These values 
are given in Table I, in the column headed "Constants per Mile, 
Calculated". 

In calculating the inductance and capacity for the stranded 
wires, a value midway between the diameter of the stranded 
wire and that of a solid wire having the same cross section was 
used for the diameter. This is the value given in Table I in 
the column headed "Equivalent Diameter". 

The line was divided into sections, each approximately ten 
miles in length. The values for the self and mutual inductances 
of each of these sections are given in Table I, under the heading 
"Constants per Section". 

In proportioning the coils, Stefen's Formula* for the self-
inductance of coils was used, and the measured values of the 
self-inductance were found to agree with the computed values 
to about one half of one per cent. 

The coils were made about six inches in mean diameter, and 
were wound with No. 17 double-cotton-covered copper wire. 
The number of turns varied from 360 to 435. A further means of 
adjustment was provided by bringing out several taps on each 
coil. The coils were wrapped with one layer of half-lap lin-o-
tape, but were not shellacked. 

The three coils to represent one section were then mounted in 
a wooden frame, as shown in Figs. 5 and 6. The correct self-
inductance was obtained by means of the taps referred to. 
The correct mutual inductance between "side wires" was obtained 
by adjusting the coils in the horizontal slots; and that between 
the "center wire" and the "side wire" by adjusting the center 
coil in the vertical slot. 

The range of inductance is illustrated by the values given in 
Table II for a few of the coils. 

Tests showed that the coils could carry 2.2 amperes continu
ously with a 40 degree rise, and that 3.5 amperes could be 
carried for 15 minutes without dangerous heating. This cur
rent (3.5 amperes), at 1000 volts, corresponds to a current on 
the 44-kv. system of 154 amperes, which was never exceeded for 
any length of time. 

Electrostatic Coupling of Phases. The only arrangement 
•Bulletin of the Bureau of Standards, Vol. 5 No . 1. " Formulas and 

Tables for the Calculation of Mutual and Self Inductances of C o i l s " 
b y Rosa and Cohn. 
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which will exactly represent, under all conditions, the capacity 
effects between the wires of a transmission system and ground, 
is the exact geometrical equivalent, on a small scale, of the line 
and earth immersed in a dielectric of very high inductive ca
pacity. To keep such a line down to a reasonable length, a di
electric would be needed having a specific inductive capacity of 
5000 or more. No such dielectric exists, so an arrangement was 
adopted in which properly proportioned plate condensers were 
connected between the conductors, and between conductors and 

T A B L E II. 

Coil data. Inductance in 10~ 2 henries. 

Inst. No. Coil No. Li L 2 Lz LA u U # 6 

15 2 57 2 61 2 66 2 71 2 78 2 83 3.04 
53 44 2 57 2 61 2 66 2 71 2 78 2 83 3.13 

61 2 56 2 61 2 66 2 71 2 78 2 83 3.14 

47 2 56 2 60 2 65 2 70 2 76 2 84 3.06 
54 65 2 58 2 61 2 66 2 70 2 76 2 83 3.19 

64 2 56 2 60 2 65 2 70 2 76 2 84 3.18 

128 2 83 2 89 2 95 2 99 3 06 3 17 3.29 
55 129 2 85 2 90 2 96 3 00 3 07 3 17 3.29 

131 2 83 2 88 2 94 2 98 3 05 3 15 3.28 

114 3 00 3 05 3 11 3 15 3 22 3 31 3.43 
56 111 3 01 3 07 3 14 3 18 3 25 3 36 3.43 

113 2 97 3 02 3 09 3 12 3 20 3 30 3.43 

117 2 93 3 00 3 06 3 10 3 18 3 29 3.42 
57 112 2 95 3 Dl 3 07 3 19 3 29 3.47 

115 2 95 3 02 3 08 3 12 3 20 3 30 3.40 

120 2 78 2 83 2 89 2 93 3 01 3 12 3.41 
58 121 2 78 2 83 2 89 2 93 3 01 3 11 3.40 

126 2 81 2 87 2 94 2 98 3 05 3 15 3.41 

ground, as shown in Fig. 3A. This arrangement, as will be seen 
later, approximates very closely the true distribution of capacity. 

The capacities of these condensers were calcu- A 
lated as follows: Y, Y2 

Since the earth may be treated as an infinite zrir^v^1* 
equipotential plane, the actual transmission I'w 
system (consisting of the earth's surface, con- I G A 

ductors and ground wires) is the exact duplicate of the upper 
half of the electrical distribution which would be found between 
the actual conductors, with their charges, and the images of 
those charges with reference to the earth's surface. 
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Replacing the equipotential plane, then, by the images of the 
conductors and their charges, the potential above ground of 
any wire (say No. 1) is found to be 

Vx = 2 f f l log, + 2q2 log e + 2qz log, ^ + 
T\ Ci2 Q>z 

in which there is one term for each wire. qh q2, q$, etc. repre
sent the quantities per unit length on the various conductors. 
Y\ is the radius of wire No. 1. Dh D2, Ds, etc. are the distances 
from conductor No. 1 to the images, and di, d2y d3j etc. are the 
distances from No. 1 to the other conductors. (For the de
rivation of this formula, see Appendix A) . 

By obtaining as many of these equations as there are unknown 
quantities q, solving for the qs, the quantity q on any con
ductor (and its phase relation) can finally be expressed in terms 
of the potentials of the conductors. 

These calculations were made for wires No. 1 and No. 2, with 
the system ungrounded and for wire No. 1 with the center wire 
grounded,assuming the voltages to remain balanced in both cases. 

Letting x, y, z and w represent the values of the capacities 
(connected as shown in Fig. 3A) the displacements CV across 
the three condensers connected to one wire were added (vec-
torially) and the sum put equal to the quantity qi or q2 found by 
calculation for that wire. From these equations the values for 
the condensers x, y, z, and w were easily found. 

These condenser values were calculated for each different type 
of construction, and are given in Table I, under the heading 
"Constants per Mile, Calculated". The complete set of calcu
lations for one type is given in Appendix B. 

The following values are taken from the calculations in Ap
pendix B. They represent, in I O - 8 coulombs, the quantities 
on the different conductors per mile; assuming that the voltages 
to ground are: A sin a, A sin (a — 120 deg.), and A sin 
(a — 240 deg.), for the three conductors. 

Left 1.339 A sin (a + 0.55 deg.) 
Center 1.316 A sin (a - 120 deg.) 
Right 1.339 A sin (a - 240.55 deg.) 

Since the potential of the left conductor to ground is A sin a 
and that of the center conductor A sin (a — 120 deg.), the 
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capacities of these conductors are seen to be 1.339 and 1.316 

X IO - 8 farads per mile. The usual formula, C = —-z-, 
2 l o g . -

r 
gives the capacity as 1.329 X 10~8 farads per mile. This is 
between the true values given above. (1.339 and 1.316), and is 
very nearly equal to the average of the capacities of the three 
conductors. 

How closely this artificial arrangement approximates the 
actual conditions is seen by considering several extreme cases. 
For example, if both outside conductors are earthed, the capacity s 

of the center conductor to earth is 1.112 X 10~8 farads. In the 
artificial system it is 1.112 X 10~8. If all three conductors are 

F I G . 3 — C O N S T R U C T I O N OF CONDENSERS Xy Zu Z 2 , W, 7 , , 7 2 CONNECTED 

AS S H O W N TO L E F T — / AND g REPRESENT E X T R A PLATES U S E D IN 

ADJUSTING 

connected together, their capacity to earth is 2.209 X 10~8 far
ads. In the artificial system it is 2.204 X 10~~8. The capacity 
of the right conductor to earth, the other two being insulated, is 
1.058. The artificial system gives 1.059. For the center conduc
tor the values are 1.023 and 1.024. 

The condensers consisted of lead foil plates, separated by three 
thicknesses of ordinary letter paper (Colorado Bond.) Extra 
sheets were added between the different groups and a £ in. pine 
board was used between the line-to-line and the line-to-ground 
groups. 

The plates were of 0.0015-in. lead foil, each 4 in. by 8 in., with 
a tab for connecting alternate plates together. A few plates 
were left unconnected at the end of each group, to be used in 
adjusting the condenser to the correct value. 
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Each condenser was tested at 2000 volts for one minute. 
They will operate continuously at 1000 volts, 60 cycles, without 
dangerous heating. 

Fig. 3 shows, diagrammatically, the construction of the con
densers. 

The capacity of each group of plates and the possible adjust-

T A B L E III. 

Condenser data. Capacities in 10 ^ farads 

Cond. No. 56 57 58 59 60 

With stand 
number. 36 27 52 26 40 

Zi 8 01 6 66 6.76 7 09 7.86 
Zi + g 8 01 6 88 6.76 7 37 8.10 
Zx + g • + 1 8 68 7 11 7.36 7 57 8.34 
Zi + 1 8 33 6 66 6.91 7 09 7.86 

X 7 85 6 55 6.34 6 41 7.12 
X + g 7 85 6 55 6.34 6 41 7.27 
X + g + 1 8 55 7 05 6.91 6 98 7.53 
X + 1 8 29 6 90 6.71 6 80 7.21 

Zi 8 68 6 78 6.71 6 80 7.65 
Z, + g 8 68 7 02 7.06 7 09 7.86 
Zi + g + 1 9 30 7 29 7.30 7 34 8.08 
Z 2 + 1 . 9 01 6 78 6.71 6 80 7.65 

Yi 1 84 1 84 1.83 1 98 1.89 
Yi 1 95 1 84 1.83 1 98 1.97 
Yi + g + 1 2 19 2 30 2.31 2 52 2.21 
Yi + 1 1 84 2 10 2.04 2 28 1.89 

F» 2 15 1 84 1.89 2 02 1.82 
F 2 2 25 2 07 2.14 2 32 1.92 
r , + * + i 2 62 2 22 2.28 2 43 2.14 
F 2 + 1 2 36 1 84 1.89 2 02 1.82 

TF 0 62 1 67 1.89 1 74 0.60 
IF + g 0 86 1 89 1.89 1 74 0.81 
W + g + 1 1 08 2 07 2.45 2 28 1.04 
IF + 1 0 62 1 67 2.18 2 02 0.60 

ment obtainable with the extra endfplates, is shown by Table 
III for a few of the condenser units. 

Resistance of Line Conductors. The resistance of the induc
tance coils was approximately three ohms, or 0.3 ohm per mile. 
Therefore, by connecting an additional resistance in series with 
the coils, any conductor up to, and including number 000 copper 
could be represented. This was larger than any in use on the 
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system. These external resistances were made of such a value 
that the combined resistance of the coil and external resistance, 
when carrying normal current, was equal to the resistance of the 
corresponding section of the actual line at the average temper-
ture, 20 deg. cent. 

The external resistances were of No. 18 Nichrome wire, 
wound in the form of spiral springs about f in. in diameter. 
Each coil was connected between a binding post of the coil-
stands and the correct tap of an inductance coil, as shown in 
Fig. 5. 

These coils, or ''spirals," were found to have only a very small 
inductance, (less than the difference between adjacent taps of 
the coils) so that their effect on the inductance was negligible. 

The resistances of the inductance coils shown in Table II are 
given in the column headed RQ. These are the total resistances, 
at 20 deg. cent, not the resistance of the particular tap which was 
used. Table I, column headed "External Resistance, (Approx.)" 
shows approximately the amount of resistance required per line 
wire per section. This is only an average value, since the resistance 
of the different coils in the same section was found to be different. 

Assembly of Line. Fig. 5 shows the method of assembling the 
units. The condensers were tapped in between the resistance and 
the inductance of each unit, and placed to one side of the coil-
stands. 

Tests were made to determine the mutual inductance between 
units, and also the effect on the inductance of the iron straps 
with which the condensers were bound. Both of these were 
found to be negligible. 

The boards shown between tiers were inserted in order to 
facilitate the removal of any unit for repairs or alterations. 

TRANSFORMERS 

The artificial system was operated at about 1000 volts from 
the 230-volt, three-phase, 60-cycle, laboratory mains, by means 
of two banks of step-up transformers; one connected to the 
Grace and the other to the Olmsted station of the artificial sys
tem. Step-down transformers were used at the three substations 
and at the Salt Lake station two V-connected potential trans
formers were also used. 

The actual transformers were connected A-Y at Grace and Salt 
Lake and A-A at Olmsted. As only one three-phase source was 
available for the artificial system, these two different connections 
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could not be used. The Olmsted transformers were, therefore, 
connected A-Y, to correspond with the connections at the other 
two stations. Taps were provided at the proper points on the 
high-tension side to adapt them to A-A operation, in case a 
second supply should become available. Additional taps were 
provided on the low-tension side of all transformers. 

Two series transformers were used in the lines of the artificial 
system at each of the three substations, to supply current to the 
relays. 

GENERATORS 

The generators were, as stated before, the supply mains of the 
laboratory. It was thought advisable, however, to provide a 
gradual decrease in the short-circuit current, similar to that 
brought about in the actual system by the demagnetizing action 
of the short-circuit currents on the generator fields. To accom
plish this, the "artificial generators" shown in Fig. 5 were con
structed, and connected to the system at Grace and Olmsted 
and at the Salt Lake substation. Each generator consisted of 
three coils, one in series with each line-wire. An iron core was 
held by a spring above each coil and with its end just entering 
the coil. When the line current became excessive, the core was 
pulled into the coil, thus considerably decreasing the current. 
The desired rate of decrease was obtained by means of the 
dashpots shown. When the disturbance was removed the core 
returned automatically to its former position. 

LOAD 

The loads at Bingham and Garfield were taken care of by the 
shop motors in combination with some carbon lamps. A power 
factor and load at each place equivalent to those on the actual 
system could thus be obtained. 

The situation at the Salt Lake substation was rather peculiar. 
The Utah Light and Railway Company bought considerable 
power at that point, but also ran their generators in parallel with 
those of the Telluride system. Thus, under short-circuit condi
tions, power would sometimes flow back into the system. This 
situation was met in the artificial system by raising the voltage 
on the low-tension side of the Salt Lake transformers and con
necting them to the supply mains. Thus power was made to 
circulate around the system, coming in at the Grace and Olmsted 
stations and flowing out at Salt Lake. Wattmeter measurements 
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made during one of the tests showed a load of 2.1 kw. at Salt 
Lake with only 0.3 kw. coming from the laboratory mains. Of 
course, with a short circuit near the substation, the direction of 
power flow was reversed. 

SWITCHBOARD 

The artificial system was controlled almost entirely by means 
of the switchboard shown in Figs. 4 and 5. On the front of this 
board was painted a map of the system, giving the location of 
each switch, power station, substation, etc. The high-tension 
windings of the transformers and the ends of the transmission 
line sections were brought to their proper places on the back of 
this board, terminating in small, spring clips. The switches were 
of the plug type and consisted of wooden blocks with three spikes 
driven into each. By inserting these from the front of the board 
the desired clips could be connected together behind-the board. 
All high tension was thus kept behind the board, which made the 
operation of the line much safer. A hole drilled into each spike, 
where it entered the wooden block made possible the insertion 
of plugs (attached to lamp cord) for obtaining the voltage at 
any desired point. To obtain the current, plugs with split tips 
were used. Thus, instead of passing directly from clip to clip 
through the plug the current could be led out through an 
ammeter and back to the other side of the plug tip. The same 
two types of plugs were used for obtaining current and voltage for 
oscillograph work. Shelves, as shown in Fig. 4, could be readily 
attached to the board, for holding meters or other apparatus. 

All of the wiring behind the board was done with No. 19 
three-conductor telephone wire, having red, yellow, and green 
tracers. As the corresponding wires on the front of the board 
were painted the same colors, any trouble could be traced very 
easily. 

The neutrals of all of the condensers were connected together, 
and used as the ground of the system. 

Pilot lamps and ammeters were placed in the low-tension side 
at each station, to indicate, roughly, the load and voltage con
ditions. 

In Fig. 4 a three-pole switch, with three braided leads attached, 
is shown to the right and above the Salt Lake substation. By 
connecting either two or three of these leads to any desired 
point, and closing the switch, a single or three phase short cir
cuit could be thrown on the system at that point. 
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A ground could be studied by means of the grounding device 
shown below the short-circuiting switch. This consisted of 
three carbon arcs, the front carbons of each being connected to 
ground (the condenser neutrals), and the back, by means of 
lamp cord and a plug, to any wire at the point where it was de
sired to have a ground. Either a solid or an arcing ground could 
thus be represented, and the character of the arc could be 
varied by changing its length or by using different electrode 
materials. 

The switches at Bingham, Garfield, and Salt Lake were made 
automatic and were worked from the relays, previously referred 
to, by means of a trigger and spring. 

T E S T S ON A R T I F I C I A L L I N E 

DESCRIPTION OF TESTS 

On a power-transmission system where each line is a unit in 
itself, simple overload relays are, in general, satisfactory for 
tripping off grounded or short-circuited lines. If the lines are 
interconnected, however, as in a network, some other device 
must be employed in order that only the section upon which the 
trouble is located may be disconnected. For this purpose some 
form of differentially selective relay is generally used. All such 
relays depend, for their action, upon conditions in the power 
lines, which show the direction, and in some cases the approxi
mate location, of the disturbance. 

Probably the most common form of differentially selective 
relay is the wattmeter relay. This is provided with two current 
and two potential coils, and is connected to the circuit according 
to the well known 1 1 two-wattmeter method" for measuring 
power. Two wattmeters, it can be shown, will correctly measure 
the total amount of power flowing in a three-wire circuit and 
will also indicate the direction in wdiich that power is flowing. 
Hence, if a "two-wattmeter relay" is properly connected to a 
circuit its moving element should swing in one direction or the 
other according to the direction in which power is flowing in 
that circuit. 

It is generally assumed that, with a short circuit in a given 
section of a network, power is flowing toward the short circuit 
from both ends of that section. Therefore two-wattmeter 
relays located at the ends of the section should indicate toward 
the short circuit, and if combined with suitable overload devices' 
should disconnect that section of line. 
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A little consideration will show, however, that it might be 
possible for the short-circuit power passing a given point toward 
a single-phase short circuit to be less than the load power 
flowing in the other direction, over the other two phases. Under 
these conditions a two-wattmeter relay placed at that point 
would indicate away from the short circuit and, if it operated 
at all, would operate the wrong switch. 

This is something which has frequently happened in practise, 

o Switch Open 

• Switch Closed 

(§) Automatic Switch 

X Ground or Short 
at this point 

Additional Switches Closed:-
For Test:- Switch:- Place: 
1A5.& 6 5 & 9 Salt Lake 

2 5 Salt Lake 
3 2 Salt Lake 

3 Garfield 
1 Bingham 

Open 3 Bingham 

Garfield 

Q 1 5 9 5 

-oh—r-^r—m-Hi 44 t 

1 

Grace Sta. "0" 

Logan Sta. "56" 

Paradise Sta. "69" 

Ogden Sta. "91" 

Uintah Sta. "103" 

Farmington Sta. "113" 

Salt 
Lake 

F I G . 7 — C O N N E C T I O N S FOR SHORT -CIRCUIT AND G R O U N D TESTS 

and it was also verified by preliminary tests upon the artificial 
line. It seemed desirable, therefore, to determine the actual 
phase relations and magnitudes of the currents and voltages at 
several points along a line, under different conditions of short 
circuits and grounds, in the hope that such tests would bring 
out a method of connecting relays so that they would in all cases 
indicate toward the disturbance. 

For such tests the artificial line, combined with an oscillograph, 
was admirably suited, as simultaneous observations could 
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readily be made at any stations desired. To simplify matters, 
only a part of the artificial line was used, connected as shown in 
Fig. 7. For all of the tests power was supplied through the Grace 
transformers and the two lines between Grace and Salt Lake were 
used, paralled at both ends. The load was in all cases assumed 
to be at Salt Lake. When the Bingham and Garfield trans
formers were used, the line losses between Salt Lake and these 
stations were treated as part of the load. The load consisted 
of incandescent lamps combined with the shop motors, running 
idle, to give a lagging power factor. Attempts to use the motors 
alone did not work well for it was found impossible to load them 
with brakes and keep the load steady. In some of the tests, two 
banks of transformers were used: one carrying load and the 
other unloaded. The ground or short circuit (indicated by the 
cross on Fig. 7) was put on the East line at Farmington, in such 
a position that the currents could be obtained, at Farmington, 
on both sides of the trouble. 

In what follows "ground" always refers to the midpoints of 
the condensers (all of which were connected together), and 
"neutral" to the midpoint of the star-connected transformers. 
The stations where the measurements were taken will hereafter 
be designated by giving their distance, in miles, from the gen
erator end of the line, instead of by the actual name of the 
station. Thus Grace, the generating station, is called Station O, 
Farmington, which is 113 miles from Grace, is called Station 113, 
etc. This gives more meaning to the relative magnitudes of the 
current and voltage vectors at different points. 

The phase relations between the currents and the voltages 
at a station were determined at a number of points for six 
different conditions of the line, namely: normal condition, three-
wire short circuit, two-wire short circuit, ground on one wire 
with neutral of transformers ungrounded, ground on one wire 
with neutral grounded, and grounds on two wires with neutral 
grounded. Using the current and voltage plugs, previously 
described, oscillograms of the three currents and the three volt
ages to ground (the midpoint of the condensers) were obtained 
at each station desired. Measurements on these gave the mag
nitudes and phase relations of the three currents and voltages at 
that station. The vector representing the voltage between the 
A wire and ground at Station O was then taken as the reference 
vector. By taking additional oscillograms showing this voltage 
and one of the currents and voltages at another station, the lag 
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of any current or voltage behind the reference voltage was 
obtained. The measurements were made in most cases on the 
second cycle after the short circuit or ground occurred. When 
only one or two voltage waves were being photographed, the 
other vibrator circuits were replaced by equal resistances. 

DISCUSSION OF OSCILLOGRAMS 

Several typical oscillograms, taken during these tests, are 
shown and discussed. 

On most of these oscillograms the waves are shown for a few 
cycles of normal operation. Then the short circuit or ground 
occurs and the waves may be seen changing to their final mag
nitudes and phases. At the instant the change takes place, the 
waves are very irregular. This is largely because of an uncertain 
contact in the short-circuiting or grounding switch at the moment 
of closing. As the transient effects were not being studied, no 
attempt was made to correct this. 

In all of these oscillograms time is increasing from left to right. 
Unless otherwise noted, the top wave shows the current, or volt
age, for the A phase, the center wave for the B phase, and the 
bottom wave for the C phase. It will be noted that the order in 
which the waves attain their peak values is top—center— 
bottom, making the phase rotation, A-B-C. In most cases the 
zero lines are also shown. 

The lettering on each oscillogram shows the conditions under 
which it was taken so that it is necessary here merely to point 
out some of the interesting features. 

The first five oscillograms, Figs. 8A, 8B, 8C, 8D and 8E, 
show conditions which exist when the B wire is grounded, with 
the neutral of the transformers ungrounded. 

In Fig. 8A the voltages of the ungrounded wires are seen to 
rise almost to delta voltage, while the B voltage decreases very 
decidedly. This voltage does not fall to zero because of the drop 
in the wire between the point where the oscillogram was taken, 
and the point where the wire was grounded. (The voltages 
shown, it will be remembered, are those between each wire and 
the mid-points of the condensers; or those which would be 
obtained on an actual system between wires and ground). 
Fig. 8B shows a slight increase in the magnitude of the current 
in the grounded wire, and a change in wave shape for all three 
currents. There is a very peculiar distortion in the waves the in
stant the ground occurs, and also a slight shift in phase. Fig. 
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8c shows much the same effects]as were brought out in Fig. 8A. 
They are more pronounced, however, because this oscillogram 
was taken much nearer to the grounded point of the line. The 
comments given for Fig. 8B apply also to Figs. 8D and 8E. 

Figs. 9A, 9B, 9C, 9D and 9E illustrate the grounding of 
the B and C wires when the neutral of the transformers is 
grounded. Fig. 9A shows the three voltages at a point near 
where the wires were grounded and Fig. 9 B shows the currents 
flowing out from the generating station over the East line, upon 
which the ground was placed. Both of these oscillograms show 
the effects which would be expected, and require no discussion. 
The middle wave on Fig. 9c shows the B current at Station 128, 
flowing to the motor load. At the instant the ground is thrown 
on this is seen to shift in phase by about 180 degrees, due to the 
fact that the motor pumps power back into the line. The 
current then slowly decreases in magnitude and changes in 
phase as the motor slows down. The lower wave, (showing the 
current at the load end of the East line) also reverses, but this is 
because the current in that wire now flows toward the grounded 
point instead of toward the load. The two lower waves on Fig. 
9D show the currents flowing in the neutrals at the generator 
and load. There is, of course, no current until the wires are 
grounded. 

Fig. 9E is a very interesting one. This shows the currents 
flowing to a bank of unloaded transformers, connected star-
delta. Before the wires are grounded the three currents are very 
small and differ in phase by 120 degrees. With the grounds on 
the system these currents all increase to about the same magni
tude and are all in phase with each other. The probable explana
tion of this is given later under the discussion of Fig. 16. 

Figs. 10A, 10B, 10C and 10D show the current and voltage 
waves for a few cycles before and after a three-phase short 
circuit is thrown on the system. Fig. 10A shows the currents 
in the load end of the East line. When the short circuit occurs 
the direction of power flow is reversed: becoming toward the 
short circuit. Hence, the direction of current flow reverses and 
the currents are seen to change in phase by approximately 
180 degrees. Fig. 10B shows the currents taken by the motor 
load. These reverse because of the pumping-back action of the 
motor, and then decrease toward zero as the motor slows down. 
Fig. 10c shows the voltage waves at three different points on 
the system. The magnitudes of the waves are roughly propor-
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tional to the distances from the short circuit. The center and 
bottom waves of Fig. 10D show the current at the generator end 
of the East and West lines, respectively. 

DESCRIPTION OF FIGURES 

Figs. 11, 12 , 13, 15, 1 6 and 17 were drawn from measurements 
made on these oscillograms and on others not shown here. These 
figures show the magnitudes and phase relations of the currents 
and voltages at both ends of the line and at several intermediate 
points. 

In explanation of the figures, it may be said that the vectors 
are assumed to be rotating counter clockwise, or that the phase 
rotation is A-B-C. The lines from G to the vertices of the 
triangles represent, in magnitude and phase, the peak voltages 
between each wire and ground; the sides of the triangles con
sequently represent the line voltages. The peak currents in the 
A, B and C wires are represented by the vectors marked IA, 
IB, and I c respectively. At Station 113 (East Line) two diagrams 
are shown; one for the conditions on each side of the short circuit 
or ground. The diagrams marked "Generator" were obtained 
by adding vectorially the currents for thp two lines, as no oscillo
grams were taken at this point. In Figs. 15, 1 6 and 17 dotted 
lines are drawn from the vertices of the triangles to a point 
marked 0 . These lines are the medians of the triangles, and 
represent the voltages which would be impressed on three equal 
impedances connected in star between the wires, with the neutral 
free: such, for instance, as the potential coils of three star-
connected wattmeters or relays. 

For Figs. 11 , 1 2 and 13 (normal condition, three-wire and two-
wire short circuits) these medians coincide with the vectors repre
senting the voltages to ground, since the latter are voltages 
impressed on three equal impedances connected in star. 

In all of the tests the voltages to ground were obtained from 
the oscillograms, and the voltages represented by the medians 
were used in computing the wattmeter readings, now to be 
discussed. 

The four straight lines shown at each station between the 
diagrams for the East and West lines represent (to scale) 
the readings which would be given by three star-con
nected wattmeters at that point, and the sum of the three 
readings. These were obtained by multiplying each star (me
dian) voltage by the "in phase" component of its corresponding 
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current. These computations are shown in Tables IV-IX, 
inclusive. Numerous small discrepancies appear in these data; 
such, for instance, as the generator wattage not being equal to 

CALCULATION OF WATTMETER READINGS FOR EACH STATION 

The column headed "Total Watts" shows the magnitude and direction of the flow of 
power at each station. (Power which flows from the generator to the load is assumed to 
be positive. Power flowing toward the generator is assumed to be negative.) 

The column headed "Watts per Phase" shows the readings which would be given by 
three star-connected wattmeters having the neutral of the potential coils free. 

T A B L E IV. 

Test No. 1. Normal condition. 

Peak current 
Line Peak Watts Total 

Station or Wire Voltage "In phase" per watts. 
switch Actual Component phase. 

Generator A 931 2.05 2 .00 931 
B 894 2 .10 2.07 925 2840 

c 875 2.30 2.24 980 

0 West A 931 1.00 0.97 450 
B 894 1.05 1.03 460 1380 
C 8'75 1.10 1.07 469 

0 East A 931 1.05 1.03 480 
B 894 1.15 1.15 515 1500 
C 875 1.25 1.15 503 

113 West A 1.05 
B 1.10 
C 1.20 

113 East A 780 1.10 0.97 378 
B 780 1.30 0.93 362 1080 
C 740 1.20 0.97 359 

128 West A 798 1.05 1.03 411 
B 780 1.10 1.03 401 1170 
C 740 1.20 0.97 359 

128 East A 798 1.10 0.95 379 
B 780 1.30 0.95 370 1130 
C 740 1.25 1.03 381 

128 Loaded A 798 1.85 1.79 715 
transformers B 780 2.05 1.90 741 2120 

C 740 2 .00 1.79 661 
128 

Unloaded A 798 0.30 0.14 5̂ 6 
transformers B 780 0.25 0.14 55 163 

C 1 740 0.30 0.14 52 

the sum of the wattages of the two lines. These discrepancies 
are easily explained, however, when it is recalled that the 
calibration of an oscillograph is, at best, somewhat doubtful; 
that the maximum deflection on the oscillograms rarely exceeded 
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one half of an inch; and that after the currents had been scaled 
and plotted, their "in phase" components (often very small) 
had to be scaled again from the drawing. Hence a high degree 
of accuracy should not be expected. 

T A B L E V. 

TEST NO. 2. T H R E E - W I R E SHORT CIRCUIT. 

Peak current 
Line Peak Watts 

Station or switch Wire Voltage per Total 
"In phase" phase watts 

Actual Component 

Generator A 780 9.55 5.66 2210 
B 770 10.95 6.14 2360 6450 
C 703 10.15 5.35 1880 

0 West A 780 4.15 2.55 995 
B 770 4.50 2.86 1100 2920 
C 703 4.20 2.34 825 

0 East A 780 5.50 3.04 1180 
B 770 6.40 3.31 1270 3530 
C 703 5.80 3.07 1080 

113 West A 171 4.20 2.83 242 
B 171 4.40 3.14 268 730 
C 171 4.25 2.59 221 

113 East A 
B 
C 

128 West A 95 4.15 3.07 146 
B 95 4.40 3.51 167 450 
C 95 4.25 2.97 141 

128 East A 95 3.95 - 2 . 6 9 - 1 2 8 
B 95 4.50 - 3 . 0 4 - 1 4 4 - 4 1 0 
C 95 4.00 - 2 . 8 6 - 1 3 6 

.128 Loaded A 95 0.30 0.28 13 
Transformers B 95 0.30 0.28 13 40 

C 95 0.30 0.28 13 

DISCUSSION OF FIGURES 

Fig. 11. Normal Condition. This figure shows the relations 
existing in the line under normal operating conditions. The 
phases are slightly unbalanced here because of an unbalanced 
load which was connected to the laboratory mains. An interest
ing point to be noted in these diagrams is the increase in the 
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T A B L E VI 
TEST NO. 3. T W O - W I R E SHORT C I R C U I T 

Station 
Line or 
switch Wire 

Peak 
voltage 

Peak 

Actual 

current 

"In phase" 
Component 

Watts 
per 

phase 
Total 
watts 

Generator A 872 3.40 3.04 1326 
B 698 10.20 8.84 3080 4860 

c 829 8.85 1.10 456 

0 West A 872 1.64 1.48 646 
B 698 4.11 3.78 1320 2310 

c 829 3.61 0.82 340 

0 East A 872 1.64 1.38 600 
B 698 6.11 5.16 1800 2520 

c 829 5.30 0.28 116 

91 West A 741 1.60 1.56 578 
B 457 4.15 4.14 946 1490 

c 490 3.60 - 0 . 1 4 - 3 4 

91 East A 730 1.65 1.61 589 
B 435 5.90 5.61 1221 1540 

c 435 5.25 - 1 . 2 4 - 2 7 0 

113 West A 665 1.60 1.56 519 
B 360 4.05 4.05 730 1140 

c 392 3.55 - 0 . 5 5 - 1 0 8 

113 East A 720 1.80 1.47 529 
No. 4 B 381 5.95 4.87 929 840 

c 381 5.75 - 3 . 2 2 - 6 1 4 

113 East A 720 1.80 1.47 529 
No. 5 B 381 4.85 - 3 . 3 1 - 6 3 0 760 

C 381 5.15 4.50 858 

128 West A 675 1.60 1.60 544 
B 349 3.95 3.59 626 1030 
C 349 3.70 - 0 . 8 3 - 1 4 5 

128 East A 675 1 .95 1.65 557 
B 349 5.10 - 3 . 9 5 - 6 8 9 530 
C 349 4.95 3.78 660 

128 Loaded A 675 3.80 3.31 1118 
Transformers B 349 1.65 0.74 129 1660 

C 349 2.35 2.35 410 
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current lag in going from the generator to the load. This is, of 
course, due to the fact that the lagging current of the load is 
partly neutralized at the generator by the leading charging 
current. 

T A B L E VII 

TEST NO. 4. ONE W I R E G R O U N D E D . N E U T R A L U N G R O U N D E D 

The voltages are the dotted lines shown on Fig. 15. 

Peak current 
Watts 

Line or Peak per Total 
Station switch Wire voltage. "In phase" phase watts 

Actual component 

Generator A 975 1.75 1.72 839 
B 895 2.80 2.72 1218 3210 
C 904 2.55 2.55 1150 

0 West A 975 0.90 0.90 448 
B 895 1.30 1.17 524 1500 
C 904 1.30 1.17 529 

0 East A 975 0.85 0.83 405 
B 895 1.55 1.48 661 1660 
C 904 1.40 1.31 592 

113 West A 1.05 
B 1.35 
C 1.10 

113 East A 865 1.15 1.03 446 
No. 4 B 789 1.55 1.45 571 1490 

C 780 1.40 1.21 472 

113 East A 865 1.00 1.00 432 
No. 5 B 789 1.45 0.93 366 1200 

C 780 1.05 1.03 402 

128 West A 865 1.00 1.00 432 
B 808 1.20 1.14 460 1280 
C 751 1.15 1.03 387 

128 East A 865 1.00 0.96 415 
B 808 1.55 0.90 363 1170 
C 751 1. 10 1.03 387 

128 Loaded A 865 2. 10 2.07 895 
transformers B 808 2.10 2.05 829 2500 

C 751 2.25 2.07 777 

The data for these diagrams were obtained from measurements 
made on the oscillograms for Tests 4 and 6, using the two or 
three cycles shown previous to the occurrence of the ground. 

Fig. 12. Three-Wire Short Circuit. This figure is not of 
much importance, for a three-wire short circuit very seldom 
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T A B L E VIII 

TEST NO. 5. ONE W I R E G R O U N D E D . N E U T R A L G R O U N D E D . 

The voltages are the dotted lines shown on Fig. 16. 

Peak current 
Watts 

Line or Peak per Total 
Station switch Wire voltage "In phase" phase watts 

Actual component 

Generator A 813 4.25 4.25 1730 
B 721 8.80 6.18 2230 4790 
C 870 3.80 1.90 826 

0 West A 813 2.00 1.93 785 
B 721 3.40 2.69 970 2210 
C 870 1.75 1.04 452 

0 East A 813 2.35 2.21 940 
B 721 5.45 3.38 1220 2510 
C 870 2.05 0.80 348 

91 West A 650 1.95 1.52 495 
B 314 3.45 2.97 466 1330 
C 694 1.70 1.07 371 

91 East A 655 2.25 2.18 715 
B 290 5.40 4.25 616 1660 
C 675 2.00 0.97 327 

113 West A 608 1.95 1.59 483 
B 285 3.40 2.76 393 1170 
C 650 1.70 0.90 292 

113 East A 550 2.20 2.07 570 
No. 4 B 123 5.40 3.80 234 980 

C 580 2.45 0.59 171 

113 East A 550 2.25 2.21 609 
No. 5 B 123 7.60 - 5 . 0 0 - 3 0 8 430 

C 580 2.25 0.45 130 

128 West A 575 1.85 1.38 396 
B 204 3.40 3.00 306 1010 
C 608 1.85 1.00 304 

128 East A 575 2.30 2.21 635 
B 204 7.75 - 5 . 4 9 - 5 6 0 310 
C 608 2.50 0.76 231 

128 Loaded A 575 2.85 2.76 793 
transformers B 204 1.70 - 0 . 6 6 - 6 7 1520 

C 608 2.85 2.62 795 

128 Unloaded A 575 2.60 1.35 388 
transformers B 204 2.60 - 2 . 2 8 - 2 3 2 20 

C 608 3.00 - 0 . 4 5 - 1 3 7 
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occurs in practise. When it does occur, relays generally work 
properly, since the currents and the voltages are balanced. 
The voltages are seen to decrease from the generator to the short 

T A B L E I X 

TEST NO. 6. T W O W I R E S G R O U N D E D . N E U T R A L G R O U N D E D 

The voltages are the dotted lines shown on Fig. 17. 

Peak current 
|Watts 

Line or Peak 1 per Total 
Station switch Wire voltage "In phase" phase watts 

Actual component 

Generator A 860 5.35 3.80 1633 
B 707 10.00 6.50 2290 5630 

c 803 10.60 4.25 1708 

0 West A 860 2.55 1.86 800 
B 707 4.05 2.76 975 2520 

c 803 4.20 1.86 748 

0 East A 860 2.75 1.86 800 
B 707 6.00 3.80 1341 3190 
C 803 6.40 2.62 1051 

113 East A 352 3.05 2.28 401 
No. 4 B 176 6.10 5.60 492 740 

C 176 6.30 - 1 . 6 9 - 1 4 9 

113 East A 352 2.65 2.07 364 
No. 5 B 176 5.80 - 5 . 8 0 - 5 1 0 - 1 9 0 

C 176 6.70 - 0 . 5 5 - 4 8 

128 West A 370 2.80 2.28 421 
B 176 4.00 4.00 352 800 
C 199 4.20 0.28 28 

128 East A 370 2.70 1.93 357 
B 176 5.85 - 4 . 9 0 - 4 3 1 - 2 9 0 
C 199 6.70 - 2 . 1 7 - 2 1 6 

128 Loaded A 370 2.75 2.21 409 
transformers B 176 0.40 0.10 9 450 

C 199 1.10 0.28 28 

128 Unloaded A 370 2.80 1.79 331 
transformers B 176 2.80 - 0 . 8 3 - 7 3 0 

C 199 2.80 - 2 . 5 9 -258 

circuit. The power put into the line during a short circuit is 
not the tremendous amount sometimes supposed. In this case 
it is only a little more than twice that supplied under normal 
operation, in spite of the fact that the generator voltage is 
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maintained almost at normal value. The current, however, is 
over four times as large as the normal current. 

Fig. 13. Two-Wire Short Circuit. These oscillograms were 
taken before the short-circuiting switch was arranged to catch 
the actual short circuit on the oscillogram. Hence the measure-

Scales:-

ments were made on about the tenth or twelfth cycle after the 
short circuit occurred. The currents and voltages are, naturally, 
very much unbalanced. All three currents are larger than nor
mal, the current in the good or A wire increasing because of the 
fact that the motor load takes more current when the voltage 
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triangle is unbalanced. The power delivered to the load is 
about 75 per cent of the normal amount. The power given out 
by the generator is about 70 per cent greater than normal, 
and about 25 per cent less than that for the three-wire short 
circuit. 

The most interesting thing in this figure is the wattmeter 
readings. The A wattmeter is seen to indicate toward the load 
in every case. The B wattmeter indicates toward the short 
circuit at all points. The C wattmeter indicates away from the 
short circuit, except at stations some distance away. The B 
wattmeter is, thus, the only one which can be depended upon to 
show the direction of the short circuit. The arrow showing the 
total power, it will be noticed, points toward the load at every 
station. This means that relays connected according to the 
two-wattmeter principle can not work A 

properly except on a system where the 1 
load is small compared with the power ex- I c /1 
penditure during short circuit. X. / 1 

The explanation of the backward reading N i \ 
of the C meter may be given briefly with / / v t **'B 

the aid of Fig. 14. The triangle represents y \ \ . 
the delta voltages at some point near the £ — | I b 

short circuit, and IB and Ic represent the p l G 1 4 

currents in wires B and C. The phase 
rotation is assumed to be A-B-C, and the short circuit is be
tween wires B and C. 

With a non-inductive line and with no load current flowing, 
the short-circuit current would be in phase with B-C, or would 
take the position IB '-Ic Since, however, the inductive reac
tance of a line generally exceeds the resistance, the current vector 
will lag by a considerable angle, and will take some such position 
as IB-ic. This makes the voltage Ecoand the current J c more 
than 90 degrees out of phase, and causes the C wattmeter to 
read backwards. It may readily be seen that if the phase 
rotation is reversed the B meter will be the one which reads 
backwards. 

Fig. 15. One Wire Grounded. Neutral of Transformers Un
grounded. For this test the B wire at Station 113 on the East 
line was connected to ground through the grounding device 
shown in Fig. 4. (Ground, as stated at the beginning of this 
chapter under Description of Tests means the midpoints of the 
condensers, all of which were connected together. Neutral 
refers to the midpoints of the star-connected transformers,) 
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In these diagrams the voltage triangle is only slightly .distorted, 
but is greatly displaced with respect to ground potential. This 
point (ground potential) comes completely outside of the triangle. 
The ratio of delivered power to generator power is greater than 

under normal conditions, probably because the higher potential 
above ground produces a greater charging current. This results 
in a higher power factor in the line, and hence a lower line loss. 
The wattmeter readings in this case are nearly the same as under 
normal conditions. Therefore, wattmeter relays can not be 
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used to show the direction of such a ground. A dead ground of 
this kind, however, is not serious, except on very high-voltage 
systems. 

Fig. 16. One Wire Grounded. Neutral of Transformers 
Grounded. The neutrals of all three banks of transformers were 

connected to ground, and a ground thrown on the system at the 
usual place (the East line at station 113). The voltage triangle, 
of course, becomes very much unbalanced. The wattmeter 
readings are again seen to behave in a rather unexpected manner, 
the B wattmeter being the only one which correctly shows, at 
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all stations, the direction of the ground. The vectors marked 
Ic show the currents flowing into the system through the 
grounded neutrals. The difference in the magnitudes of this 
current for the loaded and unloaded transformers is due to the 
large line impedance between the loaded transformers and the 
Salt Lake busbars. 

The currents in the three wires to the ''Unloaded Transfor
mers" are nearly equal and in phase. This results from the 
star-delta connection, and may be explained as follows: The 
voltages from wires A and C to ground are somewhere near 
normal, and this tends to keep up the voltage of the B trans
former on the low-tension (delta) side. This induces a voltage 
in the high side of this transformer and sends a current out over 
the grounded wire. As the only current which can flow in the 
low-tension side must circulate around the delta, the three line 
currents must be approximately equal and in phase. For this 
reason the currents in all three wires will be abnormal when one 
wire is grounded; and the nearer the ground is to a bank of load 
transformers, the greater will be the current in that bank. 
Hence, a bank of small star-delta load transformers is liable to 
serious injury if its neutral is grounded. 

The single vector at Farmington (station 113 ) between the 
two diagrams represents the current flowing into the system 
at the point where the wire is grounded. It is equal to the sum 
of the currents (flowing in opposite directions) in the B wire 
at that point. 

Fig. 17 . Two Wires Grounded. Neutral of Transformers 
Grounded. This case resembles the preceding one, except that 
it is more severe. The B and C wires were grounded at station 
113. The voltages and power at the load are much less than in 
Fig. 16, and some of the meters have reversed. The B meter is 
again the only one which can be depended upon to read correctly. 
As practically all of the discussion given for the preceding case 
applies to this case, it will not be repeated here. 

DISCUSSION OF ARCING GROUND TESTS 

The following test has no connection with the preceding, but 
is presented as a matter of interest. This test was made with 
the regular connections shown in Fig. 7 for Tests 1, 4 , 5, and 6. 
Wire B of the East line was grounded at station 113 using the 
grounding device shown in Fig. 4 . Fig. 18A shows only 
the steady condition (if it can be called such) of the arcing 
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ground. The top wave shows the ground current at station 113, 
the center one the current in the B wire at station 128 (East 
Line) and the bottom one the voltage from the B wire to ground 
at station 113. The arc is seen to break at the end of each half 
cycle of the voltage wave, and the current remains at zero until 
the voltage has risen considerably. It then increases rapidly 
to almost its final value. The current in the center wire is, of 
course, a combination of the arc current and the load current. 
Hence it has a value while the arc is broken. 

Fig. 18B shows the waves while an arcing ground is being 
displaced by a dead ground. The most surprising feature here 
is that the arcing ground takes more current than the dead 
ground. This is because of the fact that, during each alterna
tion, the electrostatic capacity of the system must be charged 
to a certain value. As quantity is equal to the product of current 
and time, it follows that if the beginning of the charge is delayed, 
the current must increase to a higher value in order to get the 
required charge into the system in the given time. Planimeter 
measurements on Fig. 18B show that the area under the irregular 
curve due to the arcing ground, is approximately equal to the 
area under the curve due to the dead ground. Hence, the 
quantities, which are proportional to the areas, are about equal 
in the two cases, and the average values of the currents are equal. 
The peaks and effective values, however, are not. 

These observations were made using carbon electrodes. The 
effect of metallic electrodes is to make this phenomenon more 
pronounced. It should be remembered, however, that an arc on 
a 1000-volt system may have entirely different characteristics 
from one on a 44,000-volt system. 

A P P E N D I X A 

DERIVATION OF FORMULA USED IN CALCULATING THE CAPACITIES 

Given wire 1 of radius r, length 2 L , y units above the 

ground, and having a quantity of electricity q per unit length. 
To find its potential above ground. 

As the potential of one point with respect to another is defined 
as the work which must be done in carrying a unit positive charge 
from the second point to the first, it is necessary first to find the 
force acting, perpendicular to the wire, on a unit charge at any 
distance from the wire. 



GRAY: ARTIFICIAL TRANSMISSION LINE 747 

This force, at any point P is equal to: 

L 

q d I x 
I2 ± x2 "V/M^ = 2 q x-1 

I 
Vl2 + x2 

2qL 
x V L2 + x2 

If x is small in comparison with L, this may be written: 

X 
Force 

Using the method of images in Fig. 19 let 4 be the image of 1 
with respect to ground. The potential , Fi'1,4, between 1 and 4 is 
then equal to twice the potential, Vi, between 1 and ground. 
From the definition given above, Fi,4 is seen to be equal to the 

1 U i I 1 « ' \ \ 
\ 
\ 

d Ground 

P I G 1 9 

integral of the force acting on a unit positive charge over the 
distance between the two wires, or: 

Cr 2 q (-dx) P 2(-q)(-dx) 

J * J d ~ x 

d-r d-r 

the first term being for wire 1 and the second for wire 4. 
Integrating: 

r 

Fi, 4 = 2 q J^--log €x+log € (d-x) 

= 2 q log d—y? + 2 q log 

4 q loge 

since r is negligible in comparison with d. 
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Hence, the potential from 1 to ground (which is one-half of that 
between 1 and 4), is: 

Vl = 2 q log£ - y -

It may readily be seen that the effect of having other charged 
conductors in the field, is to add a similar term for each conduc
tor; in which q is the charge per unit length on that conductor. 
The logarithmic part of each term is the ratio of the initial to the 
final distance of the unit charge from each conductor, as the 
unit charge is carried from the image of the conductor whose 
potential is being found, to the conductor itself. Thus in a three-
phase system, the potential of wire 1 above ground is 

Vi = 2 q i log, ̂ i - + 2 2 2 log, + 2 q3 log, 
T\ # 1 , 2 # 1 , 3 

2.q 2 

^ 3 di,2, duz etc., represent the distances 
Ground between wires 1 and 2, 1 and 3, etc. 

4. 5. 

5. 
A P P E N D I X B. 

CALCULATION OF CAPACITIES FOR WEST LINE, GRACE TO LOGAN 
DERIVATION OF GENERAL FORMULA FOR CALCULATING 

CAPACITIES 

The wires are No. 2 copper, 0.2576 in. in diameter, at the 
corners of an equilateral triangle 9 ft. on a side. The average 
height of the lower wires above ground is 25 feet. 

Using the method of images, let qu g2> qz be the charges per 
unit length on the conductors. Let the voltages from wires to 
ground be 

2 
* 9.2 

1 3 
A ' qi 

25' 
Ground 

Vi = A sin co/ 
V2 = A sin (co/ - 120°) 
Vs = A sin (co/ - 240°) 

v 

4 6 

5 
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From the proof given in Appendix B, 

V1 = 2qi\oge ^ + 2 g 2 l o g € - ^ ± + 2 < ? 3 l o g € 4 M = A
 SIN

 a* 

Referring to the sketch above, 

di, 4 = 50 ft. or 600 in. dU2 = 9 ft. 
ri = 0.1288 in. d2,A = 50.8 ft. d2yZ = 65.6 ft. 
d2ii = 58.0 ft. duz =• 9 ft. 

Substituting in the formula above: 

A • , 0 1 600 . 0 , 58.0 , 0 , 50.8 4 sm. co/ = 2 ? 1 loge qJ^ss + 2 G 2 log € — + 2 G 2 log € 

In the same way: 

A sin (at - 120°) = 2 2 l log, ^ + 2 log. 

• o 1 5 8 0 

and 

A sin (co/ - 240°) = 2 ffl log e ^ + 2 G 2 log e ^ 

+ 2 G 2 log€ 0.1288 
From these equations: 

A sin co/ = 2 X 2.303 (3.668 G I + 0.809 G 2 + 0.752 G 3 ) 
A sin (co/ - 120°) = 2 X 2.303 (0.809 G I + 3.786 G 2 + 0.809 G 8 ) 
4 sin (co/ - 240°) = 2 X 2.303 (0.752 G T + 0.809 G 2 + 3.668 G 3 ) 

Now let B A 

2 X 2.303 X 0.80.9 

B sin co/ = 4.534 G I + G 2 + 0.929 G 3 . 
B sin (co/ - 120°) = q i + 4.680 G 2 + G 3 

5 sin (co/ - 240°) = 0.929 G I + G 2 + 4.534 G 5 
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A 

Substituting for B its value, 4 fiQg x q gQQ > a n ( * changing to 

coulombs per mile gives 
n o 7 o n

 A x 161,000 • / , . n 
ffl = 0 2 7 9 0 4.606 X 0.809 X 9 X 10 S m + 0 5 5 } 

= 1.339 X 10 -M sin ( « / + 0.55°) coulombs per mile. 

Hence q2 = 1.316 X 10"M sin (cot - 120°) coulombs per mile. 
qs = 1.339 X 10- 8.4 sin (cot - 240.55°) " " " 

The next step is to get the quantities on each wire with the 
center wire grounded. Assuming that the potentials remain 
balanced, the voltages from wires to ground will be 

From wire 1 v T A sin (cot + 30°) 
" 2 0 
" 3 V~3A sin (cot - 270°) 

Solving these equations gives 

D 1.006 sin cot + 0.0095 cos cot 

q i = B — 

q* = 0.2742 B sin (cot - 120°) 

To find the maximum value of qh differentiate with respect to cot. 

= 1.006 cos cot - 0.0095 sin cot = 0 
a cot 

tan cot = q'qqqq = 105.6 or = 89.45° when qx is a maximum. 

Hence, 

. D 1.006 sin 89.45° + 0.0095 cos 89.45° 
Maximum qx = B ————: 

o . o U o 

= 0.2790 B. 

and ffl = 0.2790 £ sin (co* + 0.55°) 
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Carrying, as before, the unit charge from wire 4 to wire 1: 

V"3 A sin (co/ + 30°) = 2 X 2.303 (qi log 1 0 Q-y^jg 

+ 23 logio - g - + 53 l O g l O -g-Q j 

0 = 2 X 2.303 ^ gi logio + 22 l o g i o 6

Q

5 ' ^ g 2 + 23 logio ^ ) 

V 3~yl sin (co/ - 270°) = 2 X 2.303 (21 logio ^ + °2 logio | ~ 

J L 1 600 \ 
+ 5 3 L O G 1 0 O I 2 8 8 J 

T f B = ^ 3 " ^ 
1 2 X 2.303 X 0.809 

Then, 

B sin (co/ + 30° = 4.534 qi + q2 + 0.929 23 
0 = q i + 4.680 g2 + qz 

B sin (co/ - 270°) = 0.929 qi + q2 + 4.534 q3 

Solving: 

q i = 0.2209 B sin (co/ + 21.12°) 

22 = ^ f sin (co/ - 120°) 

23 = 0.2209 £ sin (co/ - 261.12°) 

vSubstituting the value of B and changing to coulombs per mile, 
the equations become 

5 1 = ° - 2 2 0 9 4.606 X 0.809 X 9 X 10" S m ^ + 2 l A ¥ ) 

= 1.061 X 10~8 V Y A sin (co/ + 21.12°) 

22 = 0.353 VIx 1 0 - 8 ^ sin (co/ - 120°) 

22 = 1.061 X 10~8 V S ~ A sin (co/ - 261.12°) 
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Having obtained the quantities on each wire under these two 
conditions, the next step is to determine the values to be assigned 
to each of the six condensers. Denote these values by x, y, z, and 
w as shown in Fig. 3 A. Let qi be the charge on wire A, q2 the 
charge on wire B and qz the charge on wire C. The potentials to 
ground will then be 

Vi = A sin co/ 
V2 = A sin (co/- 120°) 
Vz = A sin (co/- 240°) 

and the potentials between wires will be 

Fi, 2 = V X 4 sin (co/ + 30°) 
V2}2 = V~3A sin (co/ - 90°) 
Vza = V T I 4 sin (co/ - 210°) 

The quantity in any condenser is equal to the capacity of that 
condenser multiplied by its voltage. The quantity on any wire 
is equal to the vectorial sum of the quantities on the three con
densers connected to that wire. Hence; 

Vh2y + Vi,z + Vh2w = qi 
Substituting, 

y V O sin (co/ + 30°) + zA sin co/ + w V~3A sin (co/- 30°) 

= 1.339 X 10-* A sin (co/ + 0.55°) 
As this equation is true for all values of co/, it must hold when 
co/ = 0. 

Then y ^ — - w ^ = 0.01284 X 10~8 

or y - w = 0.01485 X 10~8 (A) 

When co/ = - 30° 

_ Z - 1.5 w = - 1.339 X IO"8 X 0.4917 

or z + 3w = 1.317 X 10~8 (B) 

In the same way, 
V2,i y + V2 x + 7 2 > 3 y = 2a 

y v"3 4 sin (co/ - 150°) + * A sin (co/ - 120°) 
+ y V~3A sin (co/- 90°) = 1.316 X 10~8 A sin (co/— 120°) 



GRAY: ARTIFICIAL TRANSMISSION LINE 753 

When co/ = 210°, 
1.5 y + x + 1.5 y = 1.316 X 10~8 = 3 y + x (C) 

With the centre wire grounded, 

Vi,* y + Vi,2 z + Vh3 w = qi 
(y + z) VSA sin (co/ + 30°) + w V 3 A sin (co/ - 30°) 

= 1.061 V~3 ,4 10~8 sin (co/ + 21.12°) 

When co/ = - 30°, 

_ w =1.061 X IO"8 sin ( - 8.88°) = - 0.164 X IO"8 

Ji 

or w = 0.189 X 10~8 farads per mile. 

Substitute in (A) y = 0.189 + 0.015 = 0.204 X 10~8 Farads per 
mile. 

Substitute in (B) z = 1.317- 0.567 = 0.750 X IO"8 Farads pei 
mile. 

Substitute in (C) x = 1.316- 0.612 = 0.704 X 10~8 Farads per 
mile. 

These are the values for the individual condensers, to be con
nected as shown in Fig. 3A.* 

DERIVATION OF GENERAL FORMULA FOR CALCULATING THE 

CAPACIT.ES 

After substituting B, in the equations, for (?) A, they have the 
following form: (for the ungrounded case) 

a qi + q2 + d q3 = B sin co/ 
qi + cq2 + q2 = B sin (co/ - 120°) 

d qi + q2 + a qz = B sin (co/ - 240°) 

Solving these equations gives 

(B) fli = 3 

2 (a - d) [(a + d)c~ 2] 

[(2ac+d c+a- d— 3) sin co/ + {a— d— dc+1) V"3cos co/] 
*Because of the large number of calculations to be made, the pre

ceding work was shortened b y means of the following formulas. 
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With the center wire grounded, 

a qi + q2 + d q3 = B sin (co/ + 30°) 
<Zi + c q2 + qz = B sin 0 — 0 

d ffi + ? 2 + a qz = 5 sin (co/ - 270°) 

from which, 

( C ) 9 1 = 2(a-d) [(a + d)c-2] [ V 3 (° C ~ 1 } si" W / 

+ (a c — 2 c + 1) cos co/] 

By differentiating (B) and (C) with respect to co/, to get 
maximum qh equations of the following form are obtained: 

q2 = M A X IO"8 sin (co/ - 120°) (From (A) ) 
qx = N A X IO"8 sin (co/ + a°) (From (B) ) 
q, = PA X IO"8 sin (co/ + /J °) X V 3~ (From (C) ) 

From these, by the method previously given, is obtained: 

2 
y — iv = —= N sin a 3 y + ^ = M 

v 3 

2 + 3 w = 2 JV sin (30° - a) w = P sin (30° - /?) 
v 3 

which are easily solved for x, y, zt and w, giving the values to 
be assigned to the different condensers. 
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